Diffusion Monte Carlo calculations on the 4 He and 20 Ne adsorption in the interstices of a bundle of 10; 10 carbon nanotubes are reported. The results indicate that the presence of a carbon vacancy is enough, at least in some cases, to impede the adsorption of quantum gases in those systems. This could explain some discrepancies between the experimental data and the theoretical calculations about the possibility of adsorption of gases inside a bundle of carbon nanotubes.
Carbon nanotubes have been the focus of a lot of attention since their discovery in 1991 by Iijima [1] . Among their many interesting properties is their purported gas adsorption capability, both inside the open-ended tubes and in the outer surface of the association of tubes commonly termed a bundle (see, for instance, Ref. [2] , and references therein). There is, however, a third possibility: the insertion of small species ( 4 He, H 2 , and Ne) [3] in the triangularly shaped interstices (IC's) existing in between every three carbon nanotubes forming a bundle. The adsorption in these places would increase appreciably the uptake of the bundles, making them interesting as gas reservoirs. Despite some positive indications to the contrary [4 -6] , there are experimental results suggesting there is no such adsorption [7, 8] .
In any case, the mere possibility has been extensively studied from the theoretical point of view [2] . Summarizing, we can say that, in the case of the species indicated above the calculations support adsorption, both in the outer surfaces and inside the interstices of the bundles [3] . The case of Ne has been considered in detail in Ref. [9] in comparison to the experimental results of Talapatra et al. [7] . It was found that, under the approximations used in the calculation, neon should have entered the IC's of a bundle of 10; 10 carbon nanotubes, something denied by the experimental results. The same can be said of the more recent experimental data for 4 He [8] : They contradict the theoretical calculations indicating helium adsorption inside the IC's [10] .
A possible way out of this discrepancy is the one indicated in Ref. [11] for the case of H 2 . It is shown there that, for some values of the adsorbate-nanotube interation parameters, the radius of the tube, and the intertube distances, there is a sizable minimum in the potential energy just outside the entrance of the IC. That would make the hydrogen to stay there instead of entering the IC, effectively closing the rest of the interchannel to further adsorption. Even though this is a possibility for the case of H 2 , the effect seen depends heavily on the H 2 -C interaction parameters, not known exactly, and on the tube radius. The goal of the present work is to consider other possibilities that accounted for the observed lack of adsorption of all quantum species inside the IC's of a bundle of carbon nanotubes, basically corrugation and the possible existence of defects.
To do so, diffusion Monte Carlo (DMC) calculations of 4 He and 20 Ne inside both a 5; 5 carbon nanotube and an IC in between three 10; 10 tubes were carried out. A DMC calculation is a standard technique to solve the Schrödinger equation in order to obtain the ground state of the considered system [12] a priori. In all cases, the trial function needed in the method was a product of Jastrow-type functions [12] , with the product extending to all the C-gas pairs. The total carbon-nanotube-gas potential was the result of summing up all the individual C-quantum species interactions, with the same value for all carbon atoms (C-He interaction from Ref. [13] and C-Ne one from Ref. [3] ). Both potentials are of the Lennard-Jones type and are widely used in the literature, even though their parameters are admitted to have an uncertainty of about a 15% [3] , an amount not enough to change the results presented here. The length of the simulation cells was 49.2 Å . A single atom of the gas was placed at z 0 (the beginning of the tube or of the IC) and left to evolve until no appreciable change in the density profiles (see below) was found.
Carbon nanotubes are through to have a certain amount of defects [6, 14, 15] , being single carbon vacancies among the simplest of them [16 -19] . In principle, the removing of a single carbon atom should leave three dangling bonds. However, it is not clear if such an arrangement is stable [18] , as it seems to be the so-called 5-1DB defect. This is the result of two of the dangling bonds recombining with each other to form a pentagon and leaving the third one unchanged. There are two forms of doing this, termed symmetric and asymmetric. It appears that for n; n nanotubes the last one is the most stable [16, 19] . To consider the influence of vacancies in the adsorption of quantum gases, every of these arrangements (three dangling bonds and the two types of 5-1DB defects) were placed in the center of the simulation cell. Periodic boundary conditions were not considered. Figure 1 is shown to give us an idea about the corrugation effects that an atom will see inside an interstice of a bundle of carbon nanotubes. It represents the potential energy for a single atom at the geometrical center of the IC for different values of the z coordinate in LJ units. However, in the simulations, the quantum species were not confined to this single point in the xy plane, but they were allowed to move freely. The IC starts at z 0, negative values of this coordinate corresponding to locations out of the IC. We have the case of He (top) and Ne (bottom). The three tubes are considered to be open (with their caps removed), located at a minimum distance between their centers of 17 Å , and perfectly aligned (starting all of them at z 0). According to Ref. [11] , these are the most propitious conditions for gas adsorption in the IC's, so we can concentrate in other hindering effects. The smoother curves correspond to the situation in which the tubes are displaced 0.82 Å with respect to each other, i.e., 1=3 of the length of the unit cell of a n; n carbon nanotube (2.46 Å ). To our knowledge, this is the case in which the corrugation effects are smaller. The other set of curves represents the case in which the three tubes are perfectly aligned, with every carbon ring located at the same z coordinate as the corresponding two neighboring rings. This will be the case with the greater corrugation. One would expect these to be the limiting cases for all the properties presented here. In any case, there is something immediately apparent: There is no minimum outside the interchannels in any case; i.e., the gas should readily enter the IC's. On the other hand, the corrugation effects could be sizable for Ne. This is confirmed by the results given in Table I : There we can find the binding energies of the gas species inside the nondefective IC for the two limiting corrugation cases together with the previous results for the cylindrically averaged potentials with the same parameters.
The effect of the presence of a carbon vacancy in the global potential is displayed in Fig. 2 . The Ne case is shown for the least corrugation and with the most stable type of defects (asymmetric 5-1DB), We can see that the size of the disturbance is about 2 LJ in length and LJ in energy. This is typical of all arrangements.
To isolate the effect of the presence of a carbon hole of those of the corrugation and orientation of the vacancy with respect to the center of the interchannels, we performed DMC calculations of the adsorption of the IC and the closest wall (around 3 Å ). This is a cylindrical environment in which the effects of corrugation are pretty similar to what we have seen in the smoother cases in Fig. 1 . In Fig. 3 , we have the results for 4 He (bottom) and 20 Ne (top). It can be easily seen that, for the nondefective tubes, the gas species distributes more or less uniformly along the simulation cell, while the presence of any kind of vacancy effectively prevents it from passing to the other half of the simulation cell. We can also see that the range explored by the adsorbate increases from top to bottom. This is due to the fact that the Lennard-Jones parameter for the C-gas interaction decreases from Ne to He. With the above results in mind, we can look at what happens to helium inside an IC. In Fig. 4 , the solid line indicates the results for the most corrugated system, while the dashed-dotted line is also for a defect-free interchannel but with minimum corrugation. Obviously, the helium atom roams the available space freely enough in both cases; corrugation seems not to be an issue here. However, the situation changes when a vacancy is considered. Given the essential equivalence of all defects deduced from the results already displayed in Fig. 3 , only the most stable ones (the asymmetric 5-1DB's) were considered. The dashed line indicates the atom probability when the missing carbon atom is located as close as possible to the center of the interchannel in the least corrugated arrangement: The helium atom passage to the other part of the tube is forbidden. On the other hand, one might ask what would be the situation in which the presence of a carbon vacancy is less likely to influence the helium movement. Considering that inside a bundle a carbon nanotube is part of six IC's, one might conclude that the farthest a hole can be from the IC axis is 30 in each direction. In that situation (dotted line), we observe two maxima in a roughly symmetrical atom distribution with a minimum in between corresponding to the z coordinate of the vacancy. This means that the influence of the carbon hole does not preclude the helium atom to move around it. When the deviation of the vacancy from the axis is 20
, the helium movement is also impeded. This would mean that about 2=3 of the single vacancies in a tube could severely impede the helium movement.
The behavior of Ne inside an IC is slightly different from that of He. Figure 5 displays it for maximum (solid line) and minimum (dotted line) corrugations. We can see its behavior is different from helium, since at least in some cases, the corrugation affects the atom movement enough to stop it. The dashed line shows what happens when a 5-1DB defect located at 30 away from the IC axis. The perturbation caused by any hole is big enough to confine the Ne atom to its original half part of the simulation cell.
One can think of several remaining issues concerning the calculations presented here. First, to our knowledge, there is no study in the literature about concerning the carbon-noble gas potential of the atoms surrounding the vacancy. Here we used the same value as for the other carbon atoms, since this is a kind of worst-case scenario. Since both helium and neon are noble gases, one would expect a physisorption interaction reasonably described by a Lennard-Jones potential. If this potential is less attractive, the barriers should be greater than that in the present study. On the other hand, a more attractive interaction could create a potential well instead of a barrier. That potential well would trap an adsorbate atom that would create an even bigger barrier. In any case, the adsorption of more external atoms would stop.
Second, the technique used, a DMC calculation, implies that the results presented here are strictly valid only at 0 K. However, since we are in quasi-one-dimensional systems, one can approximate very well the thermal behavior of the system by that of a 1D free particle [9] . A free particle in the external potential already discussed stops close to the defect when the temperature is about 1=10 of the energy barrier. This means 1:5-2 K for the case of helium and 3-4 K for Ne. For higher temperatures, the hole does not stop the atom movement. However, there is still a kinetic effect to take into consideration. An very simple analysis on the lines of those of Refs. [11, 20] indicates that below 3 K in the first case and 6 K in the second, the overcoming of the barrier will be very slow. One should take also into account [11] that the adsorption takes place only through the edges of the IC, which makes the process even slower. This could explain the lack of adsorption found in Ref. [8] , where the temperature was 2.5 K. However, this is not an explanation for the case of Ne, when the experimental temperatures were up to 60 K [7] . Within the assumptions made in this Letter, one would have to resort to at least two defects relatively close together to form a potential barrier high enough to stop Ne from adsorbing.
Summarizing, DMC calculations support the idea that carbon vacancies in the graphene network of a carbon nanotube could severely impede the movement of adsorbates inside narrow environments. The presence of vacancies could be, at least in some cases, the cause of the lack of adsorption of quantum gases inside a bundle of carbon nanotubes found experimentally.
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